The delay in ovarian maturation in farmed black tiger shrimp Penaeus monodon has resulted in the widespread practice of feeding broodstock with the polychaete Perinereis nuntia and their unilateral eyestalk ablation. Although this practice alters fatty acid content in shrimp ovaries and hepatopancreas, its effects on fatty acid regulatory genes are yet to be systematically examined. Here, microarray analysis was performed on hepatopancreas and ovary cDNA collected from P. monodon at different ovarian maturation stages, revealing that 72 and 58 genes in fatty acid regulatory pathways were differentially expressed in hepatopancreas and ovaries respectively. Quantitative real-time PCR analysis revealed that ovarian maturation was associated with higher expression levels of acetyl-CoA acetyltransferase, acyl-CoA dehydrogenase, acyl-CoA oxidase 3 and long-chain fatty acid transport protein 4 in hepatopancreas, whereas the expression levels of 15 fatty acid regulatory genes were increased in shrimp ovaries. To distinguish the effects of different treatments, transcriptional changes were examined in P. monodon with stage 1 ovaries before polychaete feeding, after 1 month of polychaete feeding and after eyestalk ablation. Polychaete feeding resulted in lower expression levels of enoyl-CoA hydratase and acyl-CoA synthetase medium-chain family member 4, while the expression level of phosphatidylinositide phosphatase SAC1 was higher in shrimp hepatopancreas and ovaries. Additionally, eyestalk ablation resulted in a higher expression level of long-chain fatty acid-CoA ligase 4 in both tissues. Together, our findings describe the dynamics of fatty acid regulatory pathways during crustacean ovarian development and provide potential target genes for alternatives to eyestalk ablation in the future.
Introduction
Among many cultivable crustacean species with high economic value, the aquaculture of the black tiger shrimp Penaeus monodon has always been hindered by a low maturation rate and the inability to predict ovarian development in domesticated broodstock (Benzie 1997) . To improve shrimp ovarian maturation, P. monodon broodstock are typically fed with the polychaete Perinereis nuntia, which is high in polyunsaturated fatty acids (PUFAs), followed by unilateral eyestalk ablation (Santiago 1977 , Bray & Lawrence 1992 , Makinouchi et al. 1995 , Paibulkichakul et al. 2008 , Hoa et al. 2009 , Shailender et al. 2013 . The removal of eyestalk reduces the level of gonad-inhibiting hormone that has been suppressing ovarian development (Treerattrakool et al. 2008) . This allows shrimp to initiate their ovarian maturation, which induces the accumulation of fatty acids and yolk proteins in shrimp ovaries (Millamena & Pascual 1990 , Marsden et al. 2007 ).
The positive effects of dietary PUFAs on crustacean ovarian development have been established in several species, including the Pacific white shrimp Penaeus vannamei, the Chinese mitten crab Eriocheir sinensis, the mud crab Scylla serrata and P. monodon (Wouters et al. 2001a , Alava et al. 2007 , Huang et al. 2008 , Sui et al. 2011 . Once consumed, these fatty acids accumulate in crustacean hepatopancreas, which is a site for lipid storage and metabolism as well as an extraovarian site for the synthesis of yolk protein called vitellogenin (Vogt 1994 , Lee & Chang 1999 , Wen et al. 2001 , Zeng et al. 2013 , Girish et al. 2014 . It was observed that increasing amounts of fatty acids in crustacean diets led to higher total lipid contents in ovaries and hepatopancreas of E. sinensis and S. serrata (Alava et al. 2007 , Sui et al. 2011 . Similarly, higher vitellogenin concentration in hemolymph was observed when higher amounts of fatty acids were included in the feeds given to P. vannamei (Wouters et al. 2001b) . Aside from changes in fatty acid content, several studies reported that changes in dietary lipid also triggered differential expression of genes in the fatty acid regulatory pathways, which include fatty acid beta-oxidation, metabolism, synthesis and transport in hepatopancreas of E. sinensis and P. vannamei (Chen et al. 2015 , Wei et al. 2017 .
To investigate the roles of fatty acid regulatory pathways in crustacean ovarian development, transcriptomic analyses of the swimming crab Portunus trituberculatus and E. sinensis were performed, revealing that genes in the fatty acid regulatory pathways are differentially expressed in crab hepatopancreas (Sun et al. 2014 , Wang et al. 2014 . These include acetyl-CoA carboxylase, acyl-CoA oxidase (ACOX), acyl-CoA dehydrogenase (ACAD), long-chain fatty acid-CoA ligase and fatty acid synthase (FASN) (Sun et al. 2014 , Wang et al. 2014 . Additionally, fatty acid-binding protein (FABP), whose encoded protein is part of the fatty acid transport pathway, is present in ovaries and hepatopancreas during ovarian maturation in the mud crab Scylla paramamosain, E. sinensis and P. trituberculatus (Gong et al. 2010 , Zeng et al. 2013 , Ding et al. 2017 . However, little is known about the expression patterns of other fatty acid regulatory genes in crustacean ovaries. As changes in hepatopancreas and ovary are interconnected throughout the ovarian maturation process, it is essential to examine the expression profiles of these fatty acid regulatory genes in both organs simultaneously. This will lead to a better understanding of the dynamics of the fatty acid regulatory pathways as well as the identification of potential target genes for the enhancement of shrimp ovarian development that would replace eyestalk ablation in the future.
Materials and methods

Ethical statement
This study was approved by the Animal Ethics Committee of the National Center for Genetic Engineering and Biotechnology, Thailand. Experiments with shrimp were performed in accordance with UK legal requirements. In addition, all applicable institutional guidelines for the care and use of animals were followed (Elwood et al. 2009 ). Shrimp were anesthetized by hypothermia to avoid animal suffering before the dissections were performed.
Shrimp maintenance and treatment
Eleven-month-old and 14-month-old domesticated Penaeus monodon were used to study the effects of eyestalk ablation and fresh feed, respectively. Both experiments were carried out at the Shrimp Genetic Improvement Center (SGIC), Surat Thani, Thailand between the year 2012 and 2013. For each experiment, 96 shrimp were transferred from earthen ponds, pooled and randomly divided into three concrete tanks with shrimp density at 2.5 shrimp/m 2 (n = 32 per tank). The seawater used in shrimp rearing was maintained at 30 ppt with the water temperature around 27°C. The concrete tanks were cleaned daily to remove shrimp feces and fine debris from the pond. The ammonium and nitrate levels were measured using a spectrophotometer (Strickland & Parsons 1972 , Greenberg et al. 1992 , and the nitrite level was measured using the colorimetric method (Rider & Mellon 1946) . Alkalinity and pH were monitored using the potentiometric titration method and a pH meter, respectively (Clesceri et al. 1998 , Kasnir et al. 2014 . Twenty to thirty percent of the seawater in the pond was replaced daily to maintain an ammonia level below 0.05 ppm, while the levels of nitrite (<1.0 ppm) and nitrate (<1.0 ppm) were adjusted twice a week. Alkalinity was maintained at 140-160 ppm using sodium bicarbonate and EDTA. The pH was maintained between 8.0 and 8.5 using agricultural lime (CaCO 3 ). The broodstock were acclimated in the concrete tanks in the biosecure facility at SGIC for 11 days before starting the experiment. The survival rate of shrimp in every pond was higher than 70% in all experiments (data not shown).
Shrimp-rearing experiment
To study ovarian development in domesticated broodstock, 11-month-old female broodstock, weighing between 65.8 ± 14.0 g, were selected from four families for a total of 96 shrimp. Shrimp were randomly divided into three concrete tanks and fed with fully mature P. nuntia at 2-10% of the shrimp body weight, depending on the consumption rate. The feed was given four times a day at 7.30 AM, 11 AM, 4 PM and 10 PM. At the end of 4 weeks, unilateral eyestalk ablation was performed on all broodstock to induce ovarian maturation. Twelve females were collected before feeding with polychaetes (control group, W0S1), while a total of 40 broodstock were collected on day 1, 4, 7, 8 and 9 after eyestalk ablation (Fig. 1A, W4EAS1 to W4EAS4). The remaining shrimp with stage 1 ovaries after day 9 post-ablation were not included in this analysis. Shrimp samples were divided into four groups according to ovarian development stages (n = 15 for stage 1, n = 11 for stage 2, n = 9 for stage 3, and n = 5 for stage 4). Each shrimp sample was treated as individual biological replicate in all subsequent experiments unless stated otherwise.
To understand changes that occurred due to different broodstock treatments without the effects of ovarian maturation, 14-month-old domesticated female P. monodon weighing between 81.3 ± 12.9 g were used in the experiment with the same rearing conditions as previously described. Ninety-six fourteen-month-old broodstock was used instead of 11-month-old broodstock due to the lack of available shrimp during that time. Again, broodstock were separated into three concrete tanks (n = 32 in each tank) for the experiments. Broodstock were collected at the beginning of the feeding experiment (control group, W0, n = 12). Shrimp were then fed with P. nuntia for four weeks and the intact shrimp were harvested (W4, n = 8). Subsequently, the unilateral eyestalk ablation was performed and the eyestalkablated shrimp with stage 1 ovaries were collected (W4EA, n = 10). These shrimp samples were subjected to qRT-PCR analysis to determine changes in fatty acid regulatory gene transcripts. 
Shrimp sample collection
At each time point, shrimp were removed from the biosecure facility, and body weight and length were measured and recorded. Hepatopancreas and ovaries were dissected, weighed and snap-frozen in liquid N 2 . Tissues were subsequently stored at −80°C until use. The gonadosomatic index (GSI) of each shrimp was calculated using the following equation:
GSI ovary weight body weight = × 100
Figure 1 Polychaete feeding and eyestalk ablation altered the gonadosomatic index and hepatosomatic index in P. monodon. (A) Eleven-monthold, female broodstock with stage 1 ovaries were acclimatized in the concrete tanks and the samples were harvested as control (W0S1). Shrimp were fed with polychaetes for 4 weeks and then subjected to unilateral eyestalk ablation (W4EA). The shrimp samples were collected on day 1, 4, 7, 8 and 9 after the ablation, resulting in shrimp with ovary maturation stages ranging from stage 1 to 4 (W4EAS1 to W4EAS4). Bar graph representation of (B) shrimp body weight, (C) gonadosomatic index and (D) hepatosomatic index based on time point and ovarian maturation stage. Error bars represent standard deviations and different letters indicate statistically significant differences in gene expression level as determined by ANOVA using Duncan's Multiple Range Test (DMRT) (P < 0.05). (E) Examples of shrimp ovaries (top panel) and hepatopancreas (bottom panel) before (W0S1; control) and after polychaete feeding and eyestalk ablation (W4EAS1 to W4EAS4).
Ovarian developmental stages were assigned according to GSI: stage 1 (GSI < 2), stage 2 (GSI = 2-3.99), stage 3 (GSI = 4-6) and stage 4 (GSI > 6) (Meunpol et al. 2010) . The hepatosomatic index (HSI) was also calculated using the following equation:
HSI
hepatopancreas weight body weight = × 100
Microarray analysis
P. monodon cDNA microarray (UniShrimpChip) was used to examine the effects of eyestalk ablation at the transcriptomic level in shrimp ovaries and hepatopancreas. The updated UniShrimpChip, version 8 was fabricated with a total of 6,826 cDNA features and the analysis was performed as previously described (Leelatanawit et al. 2011) . In short, shrimp with stage 1 ovaries from week 0 (n = 10 for ovaries and n = 9 for hepatopancreas) were pooled for Cy3 labeling, while eight shrimp harvested after 4 weeks of feeding and eyestalk ablation (n = 2 each for ovaries stage 1, 2, 3 and 4) were individually labeled with Cy5 and analyzed separately using the microarray analysis. To minimize the variation due to sample collection time, shrimp samples selected for the microarray analysis were taken toward the end of the experiment (day 7-9) so that the sample collection days were close together for all four ovarian maturation stages.
RNA extraction and DNase treatment
Total RNA was extracted with the ratios of 20 mg of hepatopancreas and 40 mg of ovary tissue per 1 mL of TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Contaminated genomic DNA was removed by treatment with DNase I (Promega) at 0.15 U/µg total RNA at 37°C for 30 min. The DNase-free RNA from individual shrimp was then dissolved in DEPC-treated water for immediate use or kept in absolute ethanol at −80°C for long-term storage.
cDNA synthesis and microarray hybridization
DNase-treated RNA samples from the eyestalk ablation experiment were converted to first strand cDNA and labeled with aminoallyl-dUTP (AA-dUTP) (Sigma-Aldrich) using Improm-II Reverse Transcription System (Promega). The AA-cDNA from pooled shrimp samples at week 0 (W0S1; n = 10 for ovaries and n = 9 for hepatopancreas) was used as the reference and labeled with green Cy3 dye (GE Healthcare) ( Table 1) . After 4 weeks of polychaete feeding and eyestalk ablation, the AA-cDNA from individual shrimp sample (W4EA; n = 2 for each ovary maturation stage) was labeled with red Cy5 dye (GE Healthcare). The Cy3-AA-cDNA and Cy5-AAcDNA were hybridized onto the microarray slides at 42°C for 12-16 h as previously described (Karoonuthaisiri et al. 2008) . 10X saline-sodium citrate (SSC) buffer (Sigma-Aldrich) was used in the preparation of washing buffer 1, 2 and 3. The hybridized slides were washed twice in washing buffer 1 (2X SSC with 0.1% w/v SDS buffer, pre-warmed at 42°C), washing buffer 2 (0.2X SSC) and washing buffer 3 (0.05X SSC) at 5 min intervals in the dark with constant agitation. The slides were later dried using centrifugation at 123 g for 5 min.
Microarray imaging and analysis
The microarray data were obtained using an AXON GenePix 4000B microarray scanner (Axon Instruments, Molecular Devices, CA, USA) at 532 and 635 nm wavelength. The data were processed using GenePix Pro, version 8. Bad spots were manually removed from the data analysis. The processed data were normalized within each array by the print-tip group loess normalization method, and across arrays by the scale normalization method using the LimmaGUI package (Smyth & Wettenhall 2004) with the statistics software R version 3.2.4 (http://www.r-project.org/). The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al. 2002) and are accessible through GEO Series accession number GSE111471 (https://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?acc=GSE111471). Relative gene expression levels were obtained by comparing the amounts of transcript present in the experimental samples (Cy5-labeled sample) to a reference sample (Cy3-labeled sample). Genes whose changes in transcript levels were at least greater than 1.3-fold standard deviation higher or lower than the mean (mean ± 1.3 s.d.) on at least two out of eight samples were selected for further study. Therefore, 568 (8.32%) and 900 (13.1%) transcripts from hepatopancreas and ovary cDNA, respectively, were selected for future analysis. The percentage of the differentially expressed genes in this study falls within the range of differentially expressed genes previously reported in other microarray analyses (Sorensen et al. 2005 , Wongsurawat et al. 2010 , Uawisetwathana et al. 2011 . Gene Cluster 3.0 and Java Treeview were used for gene clustering and illustration of hierarchical data (de Hoon et al. 2004) .
Quantitative real-time PCR analysis
Fifteen fatty acid regulatory genes were selected for qRT-PCR analysis (Table 2) , based on the microarray results and literature review, to verify differential gene expression. RNA samples from ovaries and hepatopancreas of each shrimp were individually treated with DNase and used as templates for cDNA synthesis using first strand cDNA synthesis kit (Fermentas, MD, USA). To determine transcriptional changes that occurred during the P. monodon ovarian development, samples included intact 11-month-old female shrimp with stage 1 ovaries (W0; n = 6 for hepatopancreas and n = 9 for ovaries) and eyestalk-ablated shrimp collected at four different ovarian maturation stages after four weeks of feeding with polychaetes (n = 8 for W4EAS1, n = 8 for W4EAS2, n = 8 for W4EAS3 and n = 5 for W4EAS4 for hepatopancreas; n = 11 for W4EAS1, n = 8 for W4EAS2, n = 9 for W4EAS3 and n = 5 for W4EAS4 for ovaries).
To determine the effects of broodstock treatments, 14-monthold female shrimp with stage 1 ovaries were collected before polychaete feeding (W0; n = 9 for hepatopancreas and n = 8 for ovaries), after 4 weeks of feeding with polychaetes (W4; n = 5 for hepatopancreas and n = 7 for ovaries), and after eyestalk ablation (W4EA; n = 5 for hepatopancreas and n = 5 for ovaries). The qRT-PCR was performed on individual samples and then the bar graphs were plotted using averaged values for each ovarian maturation stage.
qRT-PCR analysis was performed using the SsoFast EvaGreen Supermix (Bio-Rad) according to the manufacturer's instructions. One hundred nanograms of cDNA from individual shrimp sample were used as templates for each qRT-PCR reaction. The amounts of fatty acid regulatory gene transcripts relative to that of the house-keeping gene elongation factor 1A (EF1A) were obtained using the standard curve method (Leelatanawit et al. 2012) . The amplification efficiency of each primer pairs was between 95 and 105%. The specificity of the PCR product was confirmed by melting curve analysis from 55°C to 95°C with a continuous fluorescent reading at 0.5°C increments. 
Statistical analysis
One-way ANOVA followed by Duncan's Multiple Range Test (DMRT) (P ˂ 0.05) was used to determine statistical significance.
Results
Effects of polychaete feeding and eyestalk ablation on shrimp growth and ovarian maturation
Eleven-month-old P. monodon were fed with polychaetes for 4 weeks, followed by a unilateral eyestalk ablation. The samples were treated and collected as illustrated in Fig. 1A . All intact shrimp collected at week 0 contained stage 1 ovaries (W0S1), while the eyestalk-ablated shrimp collected after four weeks of polychaete feeding (W4EA) contained ovaries that ranged from stage 1 to stage 4 (Table 3 ). The effects of polychaete feeding and eyestalk ablation were determined by comparing the intact W0S1 shrimp (control) with the W4EA shrimp with stage 1 ovaries (W4EAS1). A significant increase in shrimp body weight was observed after polychaete feeding and eyestalk ablation as the W0S1 and W4EAS1 shrimp weighed approximately 51.5 ± 8.0 g and 80.6 ± 11.6 g, respectively (Fig. 1B) . In addition, the GSI and HSI values also increased after polychaete feeding and eyestalk ablation ( Fig. 1C and D ; W0S1 vs W4EAS1). This was supported by the noticeably larger hepatopancreas of the W4EAS1 shrimp when compared with those of the W0S1 shrimp (Fig. 1E) .
To determine the effect of ovarian development, eyestalk-ablated shrimp from all four ovarian maturation stages were compared (W4EAS1-W4EAS4), revealing that shrimp body weight did not change with the progress in ovarian maturation (Fig. 1B, black bars) . Interestingly, the HSI values decreased as the GSI increased in these eyestalk-ablated shrimp ( Fig. 1C and D, black bars) , suggesting the inverse correlation between the two parameters during ovarian development. Similarly, the size and appearance of shrimp ovaries and hepatopancreas also changed drastically as ovarian maturation progressed. Shrimp hepatopancreas were gradually reduced in size (Fig. 1E, bottom panel) , while shrimp ovaries, which were small and translucent at stage 1, became larger and turned dark green when reached ovarian maturation stage 4 (Fig. 1E, top panel) .
Changes in transcriptional profiles in shrimp hepatopancreas due to polychaete feeding and eyestalk ablation Gene expression profiles of shrimp hepatopancreas cDNA were subsequently analyzed by comparing the W0S1 samples (Cy3) to the W4EA samples (Cy5), resulting in 568 transcripts with expression differences of less than 0.25 or greater than 2.37-fold ( Fig. 2A) . When gene functions were classified using Kyoto Encyclopedia of Genes and Genomes (KEGG) database, it was revealed that the highest percentage of differentially expressed transcripts belonged to fatty acid regulatory pathways at 12.7% (72 out of 568 genes), whereas only 8.5% (48 genes) and 1.8% (10 genes) were part of the protein and carbohydrate regulatory pathways respectively (Fig. 2B, white bars) . To prevent sampling bias, we also calculated the percentage of differentially expressed genes from the total number of available genes in each pathway in the microarray chip, revealing that 34.4% of the fatty acid regulatory genes were differentially expressed compared with 16.4 and 10.7% of genes in carbohydrate and protein-related pathways respectively (Fig. 2B, black bars) . A cluster of late-expressed genes in shrimp hepatopancreas was chosen as an example based on the presence of several fatty acid regulatory genes, including long-chain fatty acid transport protein 1 (FATP1), long-chain fatty acid transport protein 4 (FATP4), enoyl-CoA hydratase (ECH) and FABP (Fig. 2C) . Gene candidates were then selected based on the microarray results as well as those obtained from literature review to represent four main fatty acid regulatory pathways Table 3 Summary of harvested broodstock for the determination of ovarian development and different broodstock treatments. (beta-oxidation, metabolism, synthesis and transport) for data validation by qRT-PCR analysis.
Conditions
qRT-PCR analysis of fatty acid regulatory genes in P. monodon hepatopancreas
Gene expression analysis was performed on selected fatty acid regulatory genes (Table 2) to determine the effects of polychaete feeding and eyestalk ablation in shrimp with the same ovarian maturation stage (W0S1 vs W4EAS1). The analysis revealed minimal transcriptional changes in fatty acid regulatory genes in shrimp hepatopancreas (Fig. 3) . Nevertheless, these treatments resulted in higher expression levels of long-chain fatty acid-CoA ligase 4 (ACSL4) in the fatty acid metabolic pathway and FASN in the fatty acid synthesis pathway in hepatopancreas ( Fig. 3B and C) .
Figure 3
Relative expression patterns of fatty acid regulatory genes in P. monodon hepatopancreas at different ovarian maturation stages. Shrimp hepatopancreas was collected from 11-month-old, intact shrimp at week 0 with stage 1 ovaries (W0S1; white bar) and eyestalk-ablated shrimp at week 4 with ovarian maturation stages from 1 to 4 (W4EAS1 to W4EAS4; black bars). Expression levels of genes in the (A) fatty acid beta-oxidation pathway (ACAT, ACAD and ECH), (B) fatty acid metabolic pathway (ACOX3, ACSM4, ACSL4 and SAC1), (C) fatty acid synthesis pathway (FASN and SCD) and (D) fatty acid transport pathway (FABP, FATP1, FATP4 and LPR) were determined using qRT-PCR analysis and expressed relative to EF1A (n = 6 for W0; n = 8 for W4EAS1; n = 8 for W4EAS2; n = 8 for W4EAS3 and n = 5 for W4EAS4). Error bars indicate standard deviations and different letters indicate statistically significant differences in gene expression levels as determined by ANOVA using DMRT (P < 0.05).
To determine the effects of ovarian development, transcriptional levels of fatty acid regulatory genes were compared among all W4EA samples with different ovarian maturation stages (W4EAS1-W4EAS4). Genes that showed higher expression levels as ovarian maturation progressed include acetyl-CoA acetyltransferase (ACAT) and ACAD in the fatty acid beta-oxidation pathway, acyl-CoA oxidase 3 (ACOX3) in the fatty acid metabolic pathway and FATP4 in the fatty acid transport pathway (Fig. 3A, B and D) . On the other hand, genes with lower expression levels during ovarian development include ACSL4 and phosphatidylinositide phosphatase SAC1 (SAC1) in the fatty acid metabolic pathway, and FASN in the fatty acid synthesis pathway ( Fig. 3B and C) . Lastly, genes that were not differentially expressed during the ovarian maturation process are ECH in fatty acid beta-oxidation, acyl-CoA synthetase medium-chain family member 4 (ACSM4) in fatty acid metabolism, stearoyl-CoA desaturase (SCD) in fatty acid synthesis and FABP, FATP1 and lipophorin receptor (LPR) in fatty acid transport pathway (Fig. 3) . Acyl-CoA synthetase medium-chain family member 3 (ACSM3) and glycolipid transfer protein domain-containing protein 1 (GLTPD1) were also analyzed but their expression levels were below the detection limit. Collectively, these transcriptional changes indicated higher expression levels of genes in the fatty acid beta-oxidation pathway and lower expression levels of genes in the fatty acid synthesis pathway in shrimp hepatopancreas during ovarian development.
Changes in transcriptional profiles in shrimp ovaries due to polychaete feeding and eyestalk ablation
To assess the expression profiles of fatty acid regulatory genes in shrimp ovaries, microarray analysis was also performed by comparing ovary cDNA from the W0S1 shrimp (Cy3) with ovary cDNA from W4EA shrimp (Cy5), resulting in 900 transcripts with expression differences of less than 0.59 or greater than 1.67-fold. Unlike the microarray results from shrimp hepatopancreas, the differentially expressed genes from shrimp ovary cDNA were clearly separated into two clusters in which gene transcripts were at higher (red) or lower (green) expression levels in all ovary maturation stages when compared to the W0S1 samples (Fig. 4A) . The transcripts were then categorized and grouped using KEGG pathways, revealing that 15.7 (141 genes), 6.4 (58 genes) and 2.1% (19 genes) were part of the protein, fatty acid and carbohydrate regulatory pathways, respectively (Fig. 4B) . The percentage of differentially expressed genes from the total number of genes in each pathway was also analyzed, indicating that 31.5, 31.1 and 27.8% of differentially expressed genes are part of protein, carbohydrate and fatty acid regulatory pathways, respectively. The group of early-expressed genes was subsequently selected for data validation using qRT-PCR analysis (Fig. 4C, underlined) .
qRT-PCR analysis of fatty acid regulatory genes in P. monodon ovaries
Quantitative RT-PCR analysis was performed using shrimp ovary cDNA as templates to monitor transcriptional changes in the same 15 fatty acid regulatory genes that were previously analyzed in hepatopancreas samples. It was observed that polychaete feeding and eyestalk ablation led to a higher expression level of FATP1 in the fatty acid transport pathway in shrimp ovaries ( Fig. 5D ; W0S1 vs W4EAS1). Additionally, other genes in the fatty acid transport pathway, including FABP, FATP4 and LPR also showed a slight increase in gene expression after 4 weeks of polychaete feeding and eyestalk ablation. In contrast, when shrimp ovarian development progressed from stage 1 to stage 4, higher transcription levels were observed in all 15 genes in the fatty acid regulatory pathways (Fig. 5 ). These fatty acid regulatory genes were then grouped as early-expressed or late-expressed genes based on whether they reached the highest gene expression level during stage 1-2 or stage 3-4 respectively. For the fatty acid beta-oxidation pathway, ACAT was early-expressed genes, while ACAD and ECH were late-expressed genes (Fig. 5A ). For the fatty acid metabolic genes, which catalyze the production of intermediates in the fatty acid synthesis and betaoxidation pathways, only ACSM3 was early-expressed, whereas ACOX3, ACSM4, ACSL4 and SAC1 were late-expressed genes (Fig. 5B) . The fatty acid synthesis pathway was expressed early in the ovarian maturation process as both FASN and SCD reached the highest expression level at stage 2 ovaries (Fig. 5C) . Lastly, the analysis of fatty acid transport pathway revealed that FATP1 was an early-expressed gene, whereas FABP, FATP4, GLTPD1 and LPR were late-expressed genes (Fig. 5D) . Collectively, these data suggest a drastic increase in the overall fatty acid-related activities in shrimp ovaries during ovarian development.
Effects of broodstock treatment on transcriptional changes of fatty acid regulatory genes in P. monodon hepatopancreas
The second shrimp-rearing experiment was performed by feeding 14-month-old broodstock with polychaetes for 4 weeks, followed by unilateral eyestalk ablation. Shrimp samples with stage 1 ovaries were then collected before feeding (W0), after 4 weeks of feeding with the eyestalks intact (W4) and after eyestalk ablation (W4EA) (Fig. 6A) . Other shrimp-rearing parameters were controlled to match the previous experiment to minimize experimental artifacts. Transcriptional analyses were performed on the samples, revealing a higher expression Figure 4 Gene expression analysis of P. monodon ovary using cDNA microarray. Transcript levels in ovaries of eyestalk-ablated, polychaete-fed shrimp at different ovarian maturation stages (W4EAS1 to W4EAS4; GSI values from 1.03 to 7.39; Cy5 Red) were compared with those of intact broodstock collected at week 0 with stage 1 ovaries (W0S1; GSI from 0.57 to 1.03; pooled from N = 10; Cy3 Green) using microarray analysis. (A) Hierarchical clustering analysis of 900 transcripts were selected based on the expression difference greater than median value ± 1.3s.d. in at least 2 of 8 microarrays. (B) Percent of genes in the fatty acid, carbohydrate and protein regulatory pathways compared to the total number of differentially expressed transcripts (white bars) and the total number of fabricated genes in each pathway (black bars). (C) A cluster of earlyexpressed transcripts was selected, revealing several differentially expressed genes in the fatty acid regulatory pathways (blue). Genes that were selected for qRT-PCR analysis were underlined. level of SAC1 in shrimp hepatopancreas after 4 weeks of polychaete feeding (Fig. 6B) . In contrast, the expression levels of six genes, including ACAD and ECH in the fatty acid beta-oxidation pathway, ACOX3 and ACSM4 in the fatty acid metabolic pathway, and FABP and FATP4 in fatty acid transport pathway, were lower in shrimp hepatopancreas (Fig. 6) . Altogether, these results suggested the overall decrease of fatty acid-related activities in hepatopancreas post-polychaete feeding.
To assess transcriptional changes caused by eyestalk ablation, the expression levels of fatty acid regulatory genes in the hepatopancreas of shrimp with stage 1 Figure 5 Relative expression patterns of fatty acid regulatory genes in P. monodon ovaries during ovarian maturation. Shrimp ovaries were collected from 11-month-old, intact shrimp at week 0 with stage 1 ovaries (W0S1; white bar) and eyestalk-ablated shrimp at week 4 with ovarian maturation stage 1 to 4 (W4EAS1 to W4EAS4; black bars). Expression levels of genes in the (A) fatty acid beta-oxidation pathway (ACAT, ACAD and ECH), (B) fatty acid metabolic pathway (ACOX3, ACSM3, ACSM4, ACSL4 and SAC1), (C) fatty acid synthesis pathway (FASN and SCD) and (D) fatty acid transport pathway (FABP, FATP1, FATP4, GLTPD1 and LPR) were determined using qRT-PCR analysis and expressed relative to EF1A (n = 9 for W0; n = 11 for W4EAS1; n = 8 for W4EAS2; n = 9 for W4EAS3 and n = 5 for W4EAS4). Error bars indicate standard deviations and different letters indicate statistically significant differences in gene expression levels as determined by ANOVA using DMRT (P < 0.05).
Figure 6
Changes in expression levels of fatty acid regulatory genes in hepatopancreas of P. monodon due to different treatments. (A) Quantitative RT-PCR analysis was performed on hepatopancreas samples collected from fourteen-month-old female broodstock with stage 1 ovaries at week 0 (W0; N = 9), after being fed with polychaetes for 4 weeks (W4; N = 5) and after unilateral eyestalk ablation was performed (W4EA; N = 5). Expression levels of genes in the (B) fatty acid beta-oxidation pathway (ACAT, ACAD and ECH), (C) fatty acid metabolic pathway (ACOX3, ACSM3, ACSM4, ACSL4 and SAC1), (D) fatty acid synthesis pathway (FASN and SCD) and (E) fatty acid transport pathway (FABP, FATP1, FATP4, GLTPD1 and LPR) were determined using qRT-PCR and normalized against EF1A transcripts. Error bars show standard deviations and different letters indicate statistically significant differences in gene expression levels as determined by ANOVA using DMRT (P < 0.05).
Figure 7
Changes in expression levels of fatty acid regulatory genes in P. monodon due to different treatments. Quantitative RT-PCR analysis was performed on ovary samples collected from fourteen-month-old female broodstock with stage 1 ovaries at W0 (n = 8), W4 (n = 7) and W4EA (n = 5). Expression levels of genes in the (A) fatty acid beta-oxidation pathway (ACAT, ACAD and ECH), (B) fatty acid metabolic pathway (ACOX3, ACSM3, ACSM4, ACSL4 and SAC1), (C) fatty acid synthesis pathway (FASN and SCD) and (D) fatty acid transport pathway (FABP, FATP1, FATP4, GLTPD1 and LPR) were determined using qRT-PCR analysis and normalized against EF1A transcripts. Error bars show standard deviations and different letters indicate statistically significant differences in gene expression levels as determined by ANOVA using DMRT (P < 0.05).
ovaries were compared between W4 and W4EA samples. Eyestalk ablation resulted in higher expression levels of ACAT and ACSL4, while SAC1 and SCD expression levels decreased in shrimp hepatopancreas (Fig. 6) . The other fatty acid regulatory genes showed no differential expression as a result of eyestalk ablation.
Effects of broodstock treatment on transcriptional changes of fatty acid regulatory genes in P. monodon ovaries Gene expression analysis of ovary samples from broodstock collected at W0 and W4 revealed that the expression level of ACAD increased after 4 weeks of polychaete feeding, while the expression levels of ECH, ACSM3, ACSM4, FASN and SCD decreased (Fig. 7) . This suggested overall reduction in fatty acidrelated activities in shrimp ovaries. On the other hand, eyestalk ablation reduced the transcription levels of ACAT, ACAD and ECH in the fatty acid betaoxidation pathway and FABP, FATP1 and LPR in fatty acid transport pathway. Transcriptional changes in the fatty acid metabolic pathway remain inconclusive as the expression levels of ACOX3, ACSL4 and SAC1 were increased, while the expression levels of ACSM3 and ACSM4 were decreased in eyestalk-ablated samples. Altogether, these data demonstrated that 4 weeks of feeding with polychaetes resulted in lower expression levels of fatty acid synthesis genes, while eyestalk ablation reduced the expression levels of genes in the fatty acid beta-oxidation and fatty acid transport pathways in shrimp ovaries.
Discussion
Problems with ovarian maturation in P. monodon have impeded shrimp larvae production and shrimp farming for over three decades (Benzie 1997) . Currently, a standard practice to induce ovarian development in domesticated P. monodon brooders involves feeding shrimp with PUFA-enriched diets for 4 weeks followed by unilateral eyestalk ablation (Santiago 1977 , Bray & Lawrence 1992 , Makinouchi et al. 1995 , Paibulkichakul et al. 2008 , Hoa et al. 2009 , Shailender et al. 2013 , which results in rapid accumulation of fatty acids in shrimp ovaries (Millamena & Pascual 1990 , Marsden et al. 2007 . After eyestalk ablation was performed, fatty acid content in the hepatopancreas was reduced as the stored nutrients were utilized during ovarian development (Marsden et al. 2007) . To understand how the fatty acid regulatory pathways are involved in shrimp ovarian maturation, this study followed transcriptional changes that occurred in fatty acid regulatory genes in shrimp hepatopancreas and ovaries using cDNA microarray analysis and qRT-PCR to examine the dynamics of these pathways during ovarian development.
Changes in the HSI values after feeding, eyestalk ablation and ovarian development
In this study, polychaete feeding and eyestalk ablation resulted in a significant increase in P. monodon HSI. The enlargement of hepatopancreas, which was previously observed in the Northern brown shrimp Penaeus aztecus Ives, the Northern white shrimp Penaeus setiferus and E. sinensis, is indicative of increasing amounts of nutrients accumulated in this organ (Castille & Lawrence 1989 , Wen et al. 2001 . Once ovarian maturation progressed, however, HSI gradually decreased as shrimp ovaries became more mature, suggesting that the nutrients stored in crustacean hepatopancreas, including fatty acids, vitellogenin, protein and glycogen, were either broken down for energy utilization or being transported to ovaries (Dy-Peñaflorida & Millamena 1990 , Kung et al. 2004 , Zmora et al. 2007 , Yan et al. 2017 . On the other hand, the GSI increased as the ovarian maturation progressed, with shrimp oocytes becoming enlarged and ovaries accumulating more vitellogenin, fatty acids and protein (Dy-Peñaflorida & Millamena 1990 , Millamena & Pascual 1990 , Quinitio et al. 1994 . Therefore, the HSI was steadily decreased as the GSI increased, suggesting an inverse correlation between the two values in P. monodon. Similarly, the inverse correlation between the HSI and GSI values has previously been observed in the freshwater shrimp Macrobrachium olfersii (Magalhaes et al. 2012) , P. setiferus (Castille & Lawrence 1989 ) and the crab Neohelice granulata (López-Greco & Rodríguez 1999) , suggesting that these marine crustaceans shared a common process of storing nutrients in their hepatopancreas that were later utilized to support crustacean reproductive development (Magalhaes et al. 2012) . Future investigation regarding changes in protein, carbohydrate and fatty acid profiles in crustacean ovaries and hepatopancreas is crucial to understand the nutrient requirements and their contributions toward crustacean ovarian development.
The effects of shrimp feed on fatty acid regulatory pathways in crustaceans
As the crustacean hepatopancreas serves as a center for lipid storage and metabolism (Vogt 1994 , Wen et al. 2001 , several studies have assessed the effects of feed and reproductive maturation on the transcriptional regulation of fatty acid regulatory genes in this organ. In E. sinensis, changes in dietary lipid via substitution of fish oil with vegetable oil significantly affected the expression of several genes in the fatty acid regulatory pathways, including higher expression levels of pancreatic lipase, carnitine palmitoyltransferase I and FABP as well as lower expression levels of FASN and SCD (Wen et al. 2001 , Wei et al. 2017 . Similarly, various sources of dietary lipids, such as soybean oil, beef tallow, fish oil and linseed oil, resulted in different expression levels of ACAD, ACSL and ACOX3 in P. vannamei hepatopancreas (Chen et al. 2015) . These changes correspond with lower expression levels of ACAD, ECH, ACOX3, ACSM4, FABP and FATP4 transcripts in P. monodon hepatopancreas after polychaete feeding. Interestingly, polychaete feeding also affected the expression of fatty acid regulatory genes in P. monodon ovaries, including a higher expression level of ACAD and lower expression levels of ECH, ACSM3, ACSM4, FASN and SCD. As the effect of feed on ovary transcripts has yet to be examined in other crustaceans, our findings here demonstrated that dietary fatty acids can affect transcriptional levels of fatty acid regulatory genes in crustacean ovaries.
Analysis of fatty acid regulatory genes in crustacean hepatopancreas during ovarian development
During the P. monodon ovarian development, qRT-PCR analysis revealed that transcription levels of ACSL4, FASN and SAC1 decreased while those of ACAT, ACAD, ACOX3 and FATP4 increased in shrimp hepatopancreas. The lower expression level of P. monodon FASN contradicted the results from studies in the Japanese blue crab Portunus trituberculatus and E. sinensis where the expression level of FASN was higher in the hepatopancreas of eyestalk-ablated crabs, especially during the stage in which vitellogenin synthesis occurred in hepatopancreas (Sun et al. 2014 , Wang et al. 2014 . The involvement of FASN in crustacean ovarian development was also confirmed as the amount of FASN transcripts was higher in the eyestalk-ablated mud crabs when compared to intact individuals (Sun et al. 2014) . On the other hand, lower expression level of ACSL4 and a higher expression level of ACAD in P. trituberculatus and E. sinensis matched our results in P. monodon hepatopancreas (Sun et al. 2014 , Wang et al. 2014 ). Interestingly, FABP, which was differentially expressed in hepatopancreas of P. monodon, E. sinensis and P. trituberculatus (Gong et al. 2010 , Li et al. 2011 , Wang et al. 2014 , Rotllant et al. 2015 , showed comparable gene expression throughout the ovarian development in hepatopancreas of domesticated P. monodon in this study. Based on these data, we conclude that ACSL4 and ACAD show consistent change among different crustacean species and are suitable as gene candidates for genetic markers or gene manipulation to induce crustacean ovarian development.
Figure 8
Summary of transcriptional changes in the fatty acid regulatory pathways in P. monodon ovary and hepatopancreas as the effects of shrimp feed, eyestalk ablation and ovarian development. Fourteen-month-old females were fed with polychaetes for 4 weeks and subjected to unilateral eyestalk ablation to determine transcriptional changes in the fatty acid regulatory pathways that occur from different treatments (left panel). To determine the effects of ovarian maturation, eleven-month-old females were fed with polychaetes and subjected to unilateral eyestalk ablation. The samples were then collected at different stages of ovarian development (right panel). Hepatopancreas and ovaries of these samples were used in the qRT-PCR to determine changes in gene expression. Red circle indicates higher expression levels of genes in the designated pathway, while green circle indicates lower expression levels of genes in the designated pathway. On the other hand, black circle indicates no differential expression and blue circle indicates that the results were inconclusive as expression levels were higher in certain genes but lower in others.
Roles of fatty acid transport in shrimp ovarian maturation
During ovarian maturation, the expression levels of all five fatty acid transport genes were higher as shrimp ovaries progressed from stage 1 to stage 4. FATP1 reached the highest expression level at stage 2 ovary, suggesting that it is early-expressed. On the other hand, FABP, FATP4, GLTPD1 and LPR were lateexpressed genes as FABP, FATP4 and LPR showed the highest expression level in stage 3 while GLTPD1 reached the highest level in stage 4. The differential expression of FABP due to feeding and ovarian development demonstrates that FABP is essential in P. monodon ovaries during this time. In fact, FABP is one of the most well-characterized genes in the crustacean fatty acid transport pathway based on studies in the crayfish Pacifastacus leniusculus and P. monodon (Söderhäll et al. 2006) , E. sinensis (Gong et al. 2010 , Li et al. 2011 , P. trituberculatus (Yu et al. 2015) and S. paramamosain (Zeng et al. 2013) . In P. trituberculatus, a higher expression level of FABP was observed in mature ovaries (Yu et al. 2015) . Similarly, two isoforms of FABP, namely FABP and FABP9, showed their highest expression levels in ovary stage 3 in E. sinensis (Gong et al. 2010 , Li et al. 2011 , confirming that FABP is a late-expressed gene in crustacean ovaries during ovarian development.
Although the analysis of other fatty acid transport genes remains scarce, it should be noted that LPR is also known as insect lipoprotein receptor (Ravikumar & Vijayaprakash 2013) . A study in the fruit fly Drosophila melanogaster revealed that the expression of LPR controls the timing and tissue distribution of neutral lipid uptake in ovaries, imaginal disks and oenocytes (ParraPeralbo & Culi 2011 , Rodríguez-Vázquez et al. 2015 . In crustaceans, four isoforms of lipoprotein receptor have been identified in the Morotoge shrimp Pandalopsis japonica, in which lipoprotein receptor 1, the closest homolog to the insect LPR, maintained the same transcriptional level in both ovaries and hepatopancreas over the course of ovarian development (Lee et al. 2014) . On the other hand, a low-density lipoprotein receptor has been identified in the ovaries of the kuruma prawn Marsupenaeus japonicus, where its protein expression coincided with the onset of vitellogenesis in prawn ovaries (Mekuchi et al. 2008) . Based on these data, we believe that both LPR and lipoprotein receptor should be further examined regarding their roles in crustacean ovarian development.
Dynamics of the fatty acid regulatory genes in P. monodon
In this study, we observed that fatty acid regulatory genes were differentially expressed in shrimp ovaries and hepatopancreas due to feeding, eyestalk ablation and ovarian development as illustrated in Fig. 8 . In short, four weeks of polychaete feeding resulted in lower expression levels of genes in the fatty acid betaoxidation and fatty acid transport pathways in shrimp hepatopancreas of 14-month-old broodstock (Fig. 8, left  panel) . Similarly, lower expression levels of fatty acid synthesis and metabolic genes were also observed in ovaries. The polychaete-fed shrimp were then subjected to unilateral eyestalk ablation, which resulted in higher expression levels of genes in the fatty acid beta-oxidation pathway and lower expression levels of genes in the fatty acid synthesis pathway in shrimp hepatopancreas. Additionally, the expression levels of fatty acid betaoxidation and fatty acid transport pathways were lower in shrimp ovaries after eyestalk ablation. For the study of 11-month-old broodstock, the combined effects of polychaete feeding and eyestalk ablation resulted in higher expression levels of fatty acid metabolism and synthesis in shrimp hepatopancreas, while the expression levels of fatty acid transport genes were higher in ovaries (Fig. 8, right panel) . On the other hand, ovarian maturation resulted in higher expression levels of genes in fatty acid beta-oxidation and transport pathways in shrimp hepatopancreas, while the expression levels of genes in the fatty acid synthesis pathway were lower. Lastly, higher expression levels were observed in fatty acid regulatory genes in shrimp ovaries. Altogether, this data indicated that most nutritional resources in hepatopancreas were broken down for energy production to propel ovarian development, which was reflected by the overall increase in fatty acid-related activities as shrimp ovaries matured.
In conclusion, our study revealed that genes in the fatty acid regulatory pathways were differentially expressed in shrimp ovaries and hepatopancreas due to feeding, eyestalk ablation and ovarian development. Shrimp fed with polychaetes for 4 weeks showed lower expression levels in most fatty acid regulatory genes in shrimp hepatopancreas and ovaries. When eyestalk ablation was performed, genes in the fatty acid betaoxidation and fatty acid transport pathways showed lower expression levels in shrimp ovaries. On the other hand, ovarian maturation led to higher expression levels of genes in the fatty acid beta-oxidation and transport pathways in shrimp hepatopancreas, suggesting that most nutritional resources in hepatopancreas were broken down for energy production to propel ovarian development. Lastly, expression levels of all 15 fatty acid regulatory genes increased in shrimp ovaries during ovarian maturation, illustrating the overall increase in fatty acid-related activities as shrimp ovaries matured. Together, this knowledge has improved our understanding regarding the roles of fatty acid regulatory pathways in ovarian development in P. monodon and other crustaceans.
